INTRODUCTION
The animal genome database provides genome size data for 4972 species, including the chicken (Gallus gallus domesticus, GGA) with a genome size of 1.25 pg equivalent to 1.2 Gb [1] . The same database gives the C-value of the red eared slider (Trachemys scripta elegans, TSC) as 1.93-2.65 pg (1.9 -2.6 Gb) and that of the Nile crocodile (Crocodylus niloticus, CNI) as either 2.84 or 3.95 pg (2.8/3.9 Gb). Despite the large differences in genome size between these three species according to the database, GGA macrochromosomes, comprising about 70 per cent of the genome, show extensive homology in the karyotypes of TSC and CNI by chromosome painting [2] . This suggests that their genomes are well conserved after divergence from their common ancestor and questions the accuracy of genome size in the database.
Theoretically, genome sizes can be determined by DNA sequencing at the highest resolution at nucleotide level, however sequence data do not cover the whole genome owing to unresolvable gaps and the omission of centromeres and telomeres. Alternatively, genome size can be calculated from the sum of chromosome sizes determined by flow-karyotypic analysis using a flow cytometer [3] [4] [5] [6] [7] . For example, the sum of chromosome sizes in human (HSA) [4] and dog [5] by this method gives a value of 3.15 Gb and 2.75 Gb, respectively. It has been assessed by sequence data that the euchromatic regions in the human and dog are 2.85 Gb [8] and 2.45 Gb [9] , respectively, and based on these data their total genome (TG) sizes are estimated to be 3.08 Gb [8] and 2.68 Gb [9] , respectively, confirming that chromosome measurements are a reliable method for genome size analysis.
The GC content of chromosomes can also be determined from differences of base pair ratios in the flow karyotype [7] . Compared with the HSA flow karyotype which shows dispersed peaks [4] , gecko chromosomes are aligned in the flow karyotype to form a linear array of peaks [10] , reflecting similar base pair ratios in each gecko chromosome. This is consistent with the results of genome sequencing in the green anole lizard (Anolis carolinensis, ACA) [11] . Chromosomal size-dependent GC compartmentalization is unique to birds and other reptiles whose karyotypes consist of macro-and microchromosomes [12] . However, crocodile chromosomes are different from those of birds and turtles that have numerous indistinguishable microchromosomes, and the chromosome GC content is unknown in CNI.
In this study, we use flow karyotypes of GGA, TSC and CNI as representative species of birds, turtles and crocodiles to measure each chromosome size and GC content. Based on our more precise measurements, we find similar genome sizes in chicken, turtle and crocodile, and a relatively higher GC content in the smaller chromosomes of these three species.
MATERIAL AND METHODS
TSC and CNI cells were grown from embryonic tissues obtained from La Ferme aux Crocodiles. Chromosome suspensions for sorting and painting were made according to conventional protocols [13] .
Normal male HSA lymphoblasts were used to provide a reference flow karyotype. For comparison, HSA (2n ¼ 46), GGA (2n ¼ 78), TSC (2n ¼ 50) and CNI (2n ¼ 32) chromosome samples were run on a flow cytometer (MoFlo, DAKO) separately but sequentially using the same settings. The DNA line was drawn from the origin through the peak position of HSA-4 [4] on GGA, TSC and CNI flow karyotypes. The chromosome sizes were calculated based on a value of 200 Mb for HSA-4 [4] . The result was calibrated by a separate estimation based on the peak positions of HSA-17 (89 Mb), which is comparatively GC-rich and, like chromosome 4, shows less polymorphism and relatively stable peak positions on the HSA flow karyotype. The calculation was confirmed by the size of HSA-19 (66 Mb). The GC content of each chromosome was calculated from the ratio obtained from the AT and GC fluorescence values based on the flow karyotype and the reference HSA GC content [14] .
Each peak in the flow karyotype of GGA, TSC and CNI was sorted and the identity of chromosome-specific DNA was verified by hybridization to respective metaphases following the chromosomal idiogram for GGA [15] and karyotypes for TSC and CNI [2] . The identity of GGA chromosomes in the remaining peaks was determined by PCR analysis of chromosome-specific DNA using primer sets [16] .
RESULTS (a) Flow karyotypes
Bivariate flow karyotypes of GGA, TSC and CNI are shown in figure 1, including peak positions of HSA-4, -17 and -19 for reference. Small chromosomes have stronger chromomycin fluorescence intensity and thus a higher GC content. The GGA flow karyotype differs from previous reports [17, 18] in which it shows the raw flow karyotype obtained after analysis of a large number of chromosomes without additional image processing.
Te 40 GGA chromosomes were resolved into 20 peaks (figure 1a). GGA peaks 6 and 7 in the flow karyotype [17] were assigned to chromosomes 7 and 6, respectively, to be consistent with the genome database. The identity of the 10 microchromosomes from GGA peaks R1-R6
[18] was determined in this paper. GGA-11 was detected in R1, GGA-10 and -12 in R2, GGA-13 in R3, GGA-14 in R4, GGA-15 and -16 in R5, GGA-17-19 in R6. Although, previously, GGA-R8 did not show specific signals [18] , multiple signals were detected on microchromosomes in our experiments. However, for the remaining 19 microchromosomes, the GGA-R8 paint signals overlapped with R7 and R9, and the number in each peak could not be determined.
TSC has 14 pairs of macrochromosomes and 22 microchromosomes and the 25 chromosome pairs were resolved into 19 peaks (figure 1b). While TSC macrochromosomes showed a separate peak for each pair except for TSC-9 which included TSC-8, TSC-R1, -R2 and -R3 included three, four and two pairs of microchromosomes, respectively, and TSC-R4 and -R5 each contained one pair of microchromosomes. CNI chromosomes were resolved into 15 peaks (figure 1c), and each specific pair of chromosomes could be assigned to one peak, except for chromosomes 11 and 12 (figure 1c).
(b) Measurements on the flow karyotypes Each chromosome size and GC content was estimated from the flow karyotype (table 1) . GGA microchromosomes have a length of 8 -21 Mb and a GC-content of 45-64%. CNI has a small chromosome CNI-16, 18 Mb in size, similar to microchromosomes in GGA and TSC. When they are grouped into lower (A) and higher (B) than average GC content, groups A of GGA, TSC, CNI and HSA consist of 10, 9, 6 and 13 chromosomes, respectively, which are relatively larger chromosomes in each species. Groups B of GGA, TSC, CNI and HSA consist of 29, 16, 10 and 10 chromosomes, respectively, which are smaller chromosomes with the exception of GGA-W, TSC-4 and HSA-1 (figure 2a). In the case of HSA chromosomes, the smaller chromosomes cannot be separated on the basis of GC content. TG size was calculated from the sum of individual chromosome sizes (table 1). The contribution to the TG size of the microchromosomes in GGA peaks R7 -R9 was estimated from the average size of each peak. This gave a TG size of 1.148 Gb for GGA, approximately 37 per cent that of HSA, compared with 1.211 Gb for TSC and 1.286 Gb for CNI.
DISCUSSION
TSC and CNI genome sizes based on the sum of chromosome sizes are close to GGA, but these sizes are smaller than those in the database [1] . The larger genome sizes were obtained from the measurement of nuclear DNA content at cellular level. Both methods differ from DNA sequencing in that they require a DNA reference point from another species. When the reference species used for nuclear measurement is distantly related from the target species, the result may be influenced by varying fluorescence intensity owing to species variation in cell or nuclear sizes. In contrast to cells, chromosome structure shows little variation between species, and human chromosomes can be used as a reference for many species, even for zebrafish [6] . Our measurement of 1.15 Gb for GGA is consistent with 1.05 Gb of the assembled sequence [19] , showing that chromosome measurement has a high accuracy. Therefore, our method is to be preferred where whole-genome sequence is unavailable. Our data refine previous overestimations in turtles and crocodiles and may change earlier conclusions about genome evolution that are based on genome size using the database (see for example [20] ).
As in mammals, the common amniote ancestor may have had a large genome [21] and a relatively low GC content [22] . ACA is 1.78 Gb in size with a 40.3 per cent total GC content according to the genome sequence data [11] . ACA has a few microchromosomes that are conserved between ACA and GGA, and that may have arisen in the reptile ancestor [11] . It is suggested that the formation of microchromosomes leads to a reduction of genome size [23] . We find that TSC and CNI genome sizes are closer to GGA than to ACA, and total GC content in GGA, TSC and CNI is higher than in ACA (figure 2b). This indicates that the reduction of genome size has occurred after the divergence from squamates and has involved the formation of additional microchromosomes. Consequently, a common ancestor of bird, turtle and crocodile might have a small genome size with a higher GC content when compared with the squamate lineage.
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macro-and microchromosomes, whereas CNI has only one considerably small chromosome. In contrast to HSA, whose smaller chromosomes sorted to both A and B groups, it is found that the larger chromosomes in GGA, TSC and CNI tend to have a lower than average GC content, whereas the smaller chromosomes have a higher than average GC content (figure 2a). ACA does not show this variation in GC content by chromosome size [11] , suggesting that a common ancestor of bird, turtle and crocodile had two types of chromosomes correlated with chromosome size and GC content after divergence from the squamate ancestor. 
